Abstract-Two series of novel thermally stable second-order nonlinear optical (NLO) and photochromic chromophores have been designed and synthesized. The two series of compounds were based on different combinations of donor groups (pyrrole or thienylpyrrole) which act simultaneously as -conjugated bridges, together with diazoaryl or diazothiazolyl as acceptor moieties. Their photochromic and electrochemical behavior were characterized, while hyper-Rayleigh scattering (HRS) was employed to evaluate their second-order nonlinear optical properties. The results of these studies have been critically analyzed together with two other related compounds reported earlier from our laboratories in which the thienylpyrrole system was used as the donor group keeping the functionalized diazoaryl as acceptor moiety.
Apart from a few recent reports [3k,3m,12] very little experimental work has been focused on the use of pyrroles or thienylpyrroles as building blocks for the synthesis of novel azo dyes for NLO and photochromic applications. Recently our group has been interested in the synthesis of new heterocyclic azo dyes prepared through azo coupling reaction using, for the first time, thienylpyrrole derivatives [13a-b] , 5-alkoxy-2,2´-bithiophene moieties [14] , 5-N,Ndialkylamino-2,2´-bithiophenes [15a] and aryldiazonium salts as coupling components.
Moreover, the characterization of the thermal, nonlinear optical and photochromic properties of the novel azo dyes proved that they could be used as efficient and thermally stable solvatochromic probes, nonlinear optical [13a-b,14,15a] and photochromic materials Given our previous results with the above mentioned azo dyes [13-14, 15a-b] and also other previous studies [3k,3m,12] we envisaged the use of a heterocycle that has never been considered for NLO applications in combination of conjugated 1-substituted pyrrole and 1-(alkyl)arylthienylpyrroles azo dyes. This synthetic strategy was employed having in mind the increase of the acceptor strength of the diazene moiety replacing the aryl ring, used earlier in the acceptor end [13a-b] , by an electron-deficient heteroaromatic molecule having reduced aromaticity and electron-acceptor electronic character such as the thiazole heterocycle [3e,3f,4a-c] .Using this heterocycle we sought to improve the intramolecular electronic delocalisation, leading to an enhancement of the second order hyperpolarizability β and photochromic properties of the new chromophores.
In this paper we report a systematic study of two series of organic chromophores consisting of newly synthesized thienylpyrrole 5-7 and pyrrole azo dyes 9-10. The design and the synthesis of these chromophores were based on different combination of electron-withdrawing groups, aryl or thiazole, linked to the pyrrole or thienylpyrrole strong -electron donor moieties through an azo bridge. Their solvatochromic, electrochemical, nonlinear optical and photochromic properties along with the thermal stability have been investigated to better understand the influence of electron-accepting, electron-donor groups and -conjugated heterocyclic bridges on the electronic and optical properties related to the ICT characteristics of the D--A dyes.
Results and discussion

Synthesis
We have recently reported the synthesis of thienylpyrroles 1 through the combination of
Friedel-Crafts and Lawesson reactions [16] . These compounds have proved to be versatile substrates in azo coupling reactions, allowing the preparation of novel donor-acceptor substituted thienylpyrrole phenyldiazenes [13a-b] .
The synthesis of thienylpyrrole 5-7 and pyrrole azo dyes 9-10 is outlined in Schemes 2-3.
Thiazolyl and aryl amines were diazotized using NaNO 2 in HCl at 0 -5 o C and the coupling reaction of (hetero)aryldiazonium salts 2-4, with 1-alkyl(aryl)-2-(2´-thienyl)pyrroles 1, in acetonitrile/acetic acid at 0 ºC, gave rise to the formation of the corresponding heterocyclic azo derivatives 5a-f, 6b, 7a, 9b and 10a-c (Schemes 2-3). The azo coupling reaction was accomplished selectively at the 2-position [17] of the pyrrole ring to give thienylpyrroles 5a-f, 6b and 7a in good yields (67-89%). These results are consistent with the greater nucleophilicity of the pyrrole ring versus the thiophene ring as has been shown earlier in the case of azo coupling, formylation and tricyanovinylation reactions of thienylpyrroles [12,13a-b,16b,18] . As expected, higher yields (77-89%) were obtained in the synthesis of thienylpyrrole azo dyes 5b-c and 5e-f bearing aryl groups substituted on 4-or 2,4-position(s)
by electron donating groups when compared with propyl derivative 5a (47%).
<Scheme 2> <Scheme 3>
On the other hand, when compared to the yield of dye 10a (85%), which was obtained from the unsubstituted aryldiazonium salt, the synthesis of pyrrole azo dyes 10 was achieved in higher yields for compounds 10b (94%) and 10c (95%) which were prepared through azo coupling using diazonium cations substituted by withdrawing groups (CN, NO 2 ) in the 4-position of the aryl ring (Scheme 3). These results follow from the fact that the azo coupling is an aromatic electrophilic substitution, therefore electron donor substituents on the pyrrole ring (R 1 ) and/or electron withdrawing groups (R 2 ) on the aryldiazonium salt should facilitate the reaction.
Another comparison could also be made having in mind the results previously obtained by us in the synthesis of thienylpyrrolyl aryldiazenes. In this case the introduction of the thiophene ring in position 2 of the pyrrole heterocycle leads to lower yields for thienylpyrroles 11b-c (81-84%) [13a-b] compared to pyrroles 10b-c (94-95%).
Thienylpyrrole azo dye 7a was synthesized in order to compare the difference of the electronic and optical properties when a phenylazo moiety is substituted by an azothiazole system (e.g. 5a) and pyrrole azo dyes 9b and 10a-c were synthesized in order to compare the effect of the -conjugated bridge/donor auxiliary effect of the thiophene heterocycle on the electro optical properties of azothiazole thienylpyrrole (e.g. 5b) and arylazo thienylpyrroles 11b-c ( Figure 1 ) [13a-b] .
<Figure 1>
The structures of azo dyes bearing thienylpyrrole 5-7 or pyrrole conjugated systems 9-10 were unambiguously confirmed by their analytical and spectral data. doublet) were detected and were attributed respectively, to the 4´´, 3´´ and 5´´-H protons in the thiophene ring.
The 1 HNMR spectra confirm also a significant CT from the pyrrole or thienylpyrrole moieties to the hetero(aryl)azo groups and a high polarizability of the whole donor-acceptor derivatives. Therefore, the chemical shifts of azo dyes 10b-c bearing stronger acceptor groups on the diazene moiety, exhibit signals that are downfield relative to the unsubstituted derivative 10a indicating CT from the donor to the acceptor. The effect of the substitution of a phenyl group to the acceptor end for dye 7a by a thiazole heterocycle (e.g. 5a) is also noteworthy. All the protons of the thienylpyrrole 5a (3´-H and 4´-H, and 3´´, 4´´and 5´´-H)
were shifted to higher chemical shifts (e.g. 4´-H and 3´-H  = 6.77 and 7.01 ppm respectively) when compared to the corresponding phenyldiazene azo dye 7a (e.g. 4´-H and 3´-H  = 6.58 and 6.88 ppm respectively) thus indicating a decrease of the electron density due to the stronger acceptor ability of the thiazole ring, allowing a more efficient charge transfer from the donor to the acceptor group. On the other hand stronger donor groups substituted on position 1 of the pyrrole ring of thienylpyrrole azo dyes leads to highfield signals thus again demonstrating the easy of electron communication within the whole heterocyclic system.
UV-visible study of thienylpyrrole 5, 6-7 and for pyrrole azo dyes 9-10
All compounds were soluble in common organic solvents, such as diethyl ether, ethanol, dioxane and DMSO. The absorption spectra data of azo dyes 5, 6-7 and 9-10 in these solvents are summarized in Table 1 . They show an intense lowest energy charge-transfer absorption band in the UV-vis region. The position of this band was strongly influenced by the structure of the compounds, for example by the type of -conjugated bridge, by the substitution pattern in the donor and the acceptor moieties and also by the electronic nature of the acceptor moiety. The absorption maxima ( max ) of the thienylpyrrole azo dyes 5, 6-7 in dioxane are located at the range of 419 to 498 nm as opposed to the range of 386 to 419 nm for pyrrole azo dyes 9-10. Dramatic differences in energy occur upon thiazolylazo or arylazo substitution of thienylpyrroles 1 and pyrrole 8. For example, the absorption maxima, in ethanol for thienylpyrrole 1c ( max = 286.5 nm) [13a] is shifted 219.5 nm upon thiazolylazo substitution (thienylpyrrole azo dye 5c,  max = 506.0 nm) ( Table 1) .
As observed for other heterocyclic azo dyes, a bathochromic shift in the UV-Vis. spectra is observed when stronger donor and/or acceptor groups are linked to the heterocyclic system [13a-b,14a-b,15a,19] . Therefore, substitution of an arylazo system (e.g. 7a) for a thiazolyl azo moiety (e.g. 5a) leads to a red shift of 67 nm from 419 nm (e.g. 7a) to 486 nm for thiazole azo dye 5a. Due to the electron density deficiency on the ring C atoms, the thiazole heterocycle acts as an electron-withdrawing group and also as an auxiliary acceptor; in fact it is a stronger acceptor group than the phenyl ring [3e-f,4].
The ICT bands of pyrrole azo dyes 10b-c in dioxane solutions are also red-shifted by 18 nm for 10b (R 2 = CN,  max = 404 nm) and 31 nm for 10c (R 2 = NO 2 ,  max = 417 nm) compared to the ICT band of the unsubstituted derivative 10a (R 2 = H,  max = 386 nm) indicating that, the electron-accepting abilities of p-substituted phenyl groups increase, as expected, in the order
On the other hand the electron-donor ability of the substituent on the pyrrole nitrogen atom has a smaller impact on the UV-vis spectra of thienylpyrrole azo dyes 5a-f. For instance, the absorption maxima of compounds 5a and 5c were shifted from 486 nm (5a) to 497 nm (5c).
As anticipated, the introduction of a thiophene ring induces a significant bathochromic shift on the UV-vis spectra of azo thienylpyrrole 5b and thienylpyrrole derivatives 11b-c [13a-b] compared to their pyrrole counterparts 9b and 10b-c respectively. The difference in  max values between compound 5b and 9b in dioxane is 74 nm while for compounds 11b-c the difference is even larger (69-80 nm) when compared to the pyrroles 10b-c as a result of a more extensive electron delocalization (Table 1 ). These observations confirm previously obtained results, namely that the incorporation of thiophene units in push-pull compounds enhances their charge-transfer properties, and can be explained considering the bathochromic effect of sulphur, the partial decrease of aromatic character of the thiophene heterocycle and also the increase of the -overlap between the thiophene and the pyrrole units [20] .
Solvatochromic study of azo dyes 5-7 and 9-10
Previous studies have demonstrated that donor-acceptor substituted thienylpyrroles exhibit a positive solvatochromism [5,13a-b] . In order to investigate whether thienylpyrroles 5-7 and pyrroles 9-10 exhibit the same behavior, we carried out a study of the absorption spectra for all compounds in four selected solvents of different solvatation character (diethyl ether, ethanol, dioxane and DMSO). The wavelength maxima  max of compounds 5-7 and 9-10 are listed in Table 1 and were compared with the π* values for each solvent, as determined by Kamlet and Taft [21] Moderate to large positive solvatochromism ( max = 884-1058 cm -1 ) was observed moving from diethyl ether to DMSO solutions for thiazolyl diazene derivatives 5a-f and 6b. On the other hand pyrrole azo dyes 10 exhibit smaller positive solvatochromism ( max = 400-882 cm -1 ) compared to their thienylpyrrole counterparts [13a] .
In agreement with other solvatochromic studies for heteroaryl-azo dyes, the increase of the electron-withdrawing strength of the substituent of the diazo component and/or the increase of the electron-donating strength of the coupling moiety was found to cause pronounced bathochromism [13a,14,15a,19] . Therefore, the pyrrole azo dyes with stronger acceptor groups on the azophenyl moiety (10b-c) and the thienylpyrroles bearing stronger donor groups substituted on position 1 of the pyrrole ring (e.g. 5c) display a comparatively larger solvatochromism when compared to the unsubstituted compound 10a and with the alkyl thienylpyrrole derivative 5a, respectively. The same trend was observed when a diazenephenyl moiety (7a,  max = 739 cm -1 ) was substituted by a thiazolyldiazene system (5a,  max = 884 cm -1 ), due to the electron deficient nature of the thiazole heterocycle.
These sizable solvatochromic responses are indicative of highly polarizable -conjugated structures. These features are key factors in designing efficient second-order NLOchromophores [22] . Therefore, the UV-vis optical data suggest that the chromophores 5a-f and 6b will have greater hyperpolarizabilities than the pyrroles 10. <Table 1>
Electrochemical properties of compounds 5-7 and 9-10
The redox properties of thienylpyrroles (5a-f, 6b and 7a) and pyrrole azo dyes (9b, 10a-c)
were studied by cyclic voltammetry in DMF containing tetrabutylammonium tetrafluoroborate (0.10 M) as the supporting electrolyte. Table 2 lists the reduction and oxidation onsets and the electrochemical band gap values.
Upon azo coupling reactions, the azo dyes bearing thienylpyrrole 5 and pyrrole systems 9-10 display oxidations at more positive potentials as a consequence of the destabilizing effect of the electron-withdrawing groups (thiazole or functionalized phenyl rings) on the diazene moiety. For example pyrrole azo dye 9b displays an oxidation at E pa = 0.69 V, corresponding to a negative shift of 0.17 eV with respect to the unsubstituted pyrrole 8.
<Table 2>
All thienylpyrrole azo dyes bearing a thiazole acceptor group (5a-f and 6b) exhibit two monoelectronic reversible reductions and one oxidation process ( Figure 2 ). On the other hand, the thienylpyrrole azo dye 7a and the pyrrole azo dyes with aryl end groups 10a-b exhibit, in cathodic scans only one reversible reduction process. The dye 10c exhibits a similar first reduction process while the second reduction process is assigned to the reduction of the nitro group. The one-electron stoichiometry for these reduction processes was ascertained by comparing the current heights with known one-electron redox processes under identical conditions [13a-b,23-24] . For all compounds, the first process was associated with the reversible reduction of the (hetero)aromatic azo moiety. For all azo derivatives it was also observed that the reduction potential values are only slightly influenced by the substituent on the nitrogen atom of the pyrrole ring or by the introduction of a thiophene ring on the pyrrole system. Therefore, the difference between the reduction potentials obtained for thienylpyrroles and the corresponding pyrrole derivatives are between 0.03 and 0.05 V.
<Figure 2>
All thienylpyrrole and pyrrole azo dyes undergo oxidation due to the absence of substituents in 5´´ position of the thiophene (5a-f, 6b and 7a) or in 5´ position of the pyrrole (9b and 10a-c) groups. Dimerization via the electrogenerated radical cations has been shown to usually occur at such positions [25] .
The data obtained for the process of the oxidation illustrate that there is a prominent electrochemical distinction between the compounds depending on the type of donor and acceptor groups (Table 2 ). Contrary to the reduction process, a comparison of the oxidation potentials obtained for thienylpyrroles and the corresponding pyrrole azo dyes bearing the same group substituted on position 1, of the pyrrole ring, showed a remarkable difference in these values due to the effect of the length and the different electronic nature of the -conjugated bridge (e.g. 5b, E pa = 0.57 V and 9b E pa = 0.69 V). The observed shifts are a direct consequence of the extent of donor-acceptor coupling [5a,9f,13a] . The same trend was observed for pyrroles 10b-c compared to thienylpyrroles 11b-c [11a] . Since the oxidation potential is directly related to the ionization potential or the tendency of losing electron, it is expected that thienylpyrrole chromophores have a more efficient ICT from the donor to the acceptor compared to their pyrrole countarparts.
It was also observed, that the decrease of the acceptor group ability on the aryldiazene moiety of pyrroles 10a-c results in a negative shift of the oxidation potential (e.g. 10a E pa = 0.76 V and 10c E pa = 0.81 V). On the other hand, compound 7a with an azophenyl moiety, exhibits only a slight cathodic shift due to the weaker withdrawing acceptor strength of the phenyl ring compared to the thiazole heterocycle.
Electrochemical band gaps were calculated as described previously from the potentials of the anodic (oxidation of the thienylpyrrole or pyrrole groups) and cathodic processes [20d,26] .
The analysis of the electrochemical data for compounds 5-7 and 9-10 showed that several factors influence the electronic nature of the -conjugated systems leading to a decrease of the band gap values:
i) the strength of the donor group linked to position 1 of the pyrrole ring (e.g. 5a, 2.10 eV; 5c,
eV);
ii) the strength and electronic nature of the acceptor group linked to the diazene system (e.g. 10a, 2.66 eV; 10c, 2.11 eV or 7a, 2.51 eV; 5a, 2.10 eV );
iii) the length of the -conjugated bridge (e.g. 9b, 2.22 eV; 5b, 2.07 eV).
The results clearly show that there is a much more efficient coupling between the thienylpyrrole and pyrrole systems and the thiazole acceptor as compared to the aryl acceptor groups. The efficient donor-acceptor conjugation leads to a raising and lowering of the HOMO and LUMO levels, respectively. In contrast a weaker donor-acceptor coupling provokes the opposite effect: the lowering of the HOMO level and the a raising of the LUMO level. The measured HOMO/LUMO values and how they are influenced by the electronic groups are consistent with the spectroscopic measurements.
Non-linear optical properties and thermal stability of thienylpyrrole 5-7 and pyrrole azo dyes 9-10
We have used the hyper-Rayleigh scattering (HRS) method [27] to measure the first hyperpolarizability  of thienylpyrrole 5-7 and pyrrole azo dyes 9-10 using the 1064 nm fundamental wavelength of a laser laser beam. Dioxane was used as the solvent, and the  values were measured against a reference solution of p-nitroaniline (pNA) [28] in order to obtain quantitative values, while care was taken to properly account for possible fluorescence of the dyes (see experimental section for more details). The static hyperpolarisability  0 values were calculated using a very simple two-level model neglecting damping. They are therefore only indicative and should be treated with caution (Table 3) .
From Table 3 it can be seen that the NLO chromophores 5a-f, 6b and 11b-c exhibit moderate to good molecular nonlinearities as their  values are 7-25 times higher that of the well known pNA molecule for an incident laser wavelength of 1064 nm (the corresponding  0 values are 2 to 7 times higher than that of pNA).
Earlier, some of us reported the synthesis, solvatochromic and electrochemical properties of aryldiazene thienylpyrrole derivatives 11b-c [13a] . Moreover, compounds functionalized with 2,4-dimethoxyphenyl-(5c), 4-fluorophenyl- (5e) and 4-bromophenyl-(5f) groups, on position 1 of the pyrrole ring exhibit larger nonlinearities as compared to the other thienylpyrrole azo dyes. It is also noteworthy the effect of the functionalization of the thiazole ring with a methyl group (e.g. 6b), which increases the  values from 156 x 10 -30 esu for compound 5b to 274 x 10 -30 esu for 6b.
From Table 3 it can be seen that the  values of pyrrole azo dyes 10b ( = 84 x 10 -30 esu) and 10c ( = 128 x 10 -30 esu) are strongly influenced by the strength of the acceptor group (CN < NO 2 ) substituted on the arylazo moiety. As expected, the same trend (H < CN < NO 2 ) was observed for the corresponding thienylpyrroles derivatives 7a, 11b and 11c. Indeed, the  values increased from 95 x 10 -30 esu for 7a (R = H) to 345 x 10 -30 esu for 11b (R = CN) reaching the higher value of 415 x 10
The comparison of the second order hyperpolarizabilities for compounds 5a and 7a also showed that the electron-deficient thiazole heterocycle has a larger acceptor strength than the phenyl ring, as the  value of the thiazolyldiazene 5b ( = 164 x 10 -30 esu) was almost two times larger than the corresponding value for the phenyldiazene 7a ( = 95 x 10 -30 esu). Due to the deficiency of electron density on the ring C atoms, the thiazole heterocycle acts as electron-withdrawing group and also as an auxiliary acceptor. Furthermore, the large electronegativity and lone electron pairs of S and N atoms in thiazole together with the extension of the conjugation length of the -electron bridge also lead to an increase in molecular hyperpolarizability, showing that thiazole derivatives are a good choice for NLO
The thermal stabilities of the resulting azo dyes 5-7 and 10-11 were evaluated by thermogravimetric analysis (TGA) under a nitrogen atmosphere, measured at a heating rate of 20 ºC min -1 . As shown in Table 3 all compounds exhibit good to excellent thermal stability with decomposition temperatures varying from 206 to 288 ºC for thienylpyrrole azo dyes 5a-f, 6b and 11b-c. Pyrrole derivatives 11b-c decompose between 216-227 ºC, while thienylpyrrole azo dyes (e.g. 11b-c) showed an improved thermal stability by ca 59-62 ºC. In addition, the electronic nature of the substitutents on position 1 of the thienylpyrrole azo dyes 5a-f have some influence on their thermal stability being higher for R 1 = 2,4-diOMePh, T d = 273 ºC, (Table 3) .
<Table 3>
<Figure 3>
Photochromic properties of thienylpyrrole 5-7 and pyrrole azo dyes 9-10
The photochromic properties of azo dyes 5a-f, 6b, 7a and pyrrole derivatives 9b and 10a-c were studied in 2.0 10 -5 M acetone solutions by irradiating them with visible light (λ>420 nm) from a 150 W ozone free xenon lamp equipped with a water filter and a long-pass filter
Schott GG 420 at 20 ºC and simultaneously monitoring absorbance of the solutions at their corresponding wavelength of maximum absorption. The irradiation of the thienylpyrrole azo dye 5a-f, 6b, 7a solutions led to a very fast and pronounced decrease of the maximum absorbance at longer wavelengths and, at the same time, an increase in the band located at 380-400 nm, indicating the transformation of the more stable E-isomer to the Z-isomer. The change in the visible spectra of dye 5a is depicted in Figure 4 . When the irradiation was stopped the inverse situation was observed, the band at 380 nm decreased and the band at 487 nm increased.
<Figure 4>
The absorbance variation observed under visible irradiation of diazenethiazolyl thienylpyrroles 5a-f varies from 0.10 to 0.15 absorbance units corresponding to a loss of 20-22% of the initial absorbance. The procedure was subsequently repeated and the behavior was fully reproducible indicating that under these experimental conditions no noticeable degradation occurred. For methylthiazole azo dye 6b the decrease in the absorption was considerably lower (7.8%) while for the diazenephenyl azo dye 7a and pyrrole azo dyes 9b, 10a-c and 11b the absorption variations were significantly higher (50-66%) (Table 4) .
For the new thiazole azo dyes 5a-f and 6b the decrease in the absorbance, due to the EZ transformation, was very fast and in less than 1.5 s a photostationary equilibrium was attained.
For pyrrole azo dyes 10a-c the decolouration rate was much slower and the photostationary equilibrium was attained only after 35-90 s of irradiation. When the irradiation ceased the system returned to its initial highly coloured state with different rates depending on the dye structure. The kinetics of the decolouration and colouration process of dyes 5a and 7a are shown in Figure 5 .
<Table 4> <Figure 5>
The kinetics of the thermal ZE back reaction (colouration, in the dark, at 20ºC) for the thiazolyl thienylpyrrole azo dyes 5a-f and 6b were very fast (k  =1.4-0.62 s -1 ) but effectively independent of the nature of the substituent present on the pyrrole ring (t 1/2 (Z-isomer) between 0.5 and 1.1 s). The high thermal ZE reaction rate observed with these compounds and the limited magnetic stirring of the solution, leads to a considerable oscillation of the absorbance at the photostationary equilibrium ( Figure 5, compound 5a) , which is less significant for slower systems like compound 7a ( Figure 5 ).
Pyrrole azo dyes 10a-c showed very slow kinetics of the thermal back ZE isomerization (9.5x10 -3 to 5.2x10 -4 s -1 ), indicating a relatively high stability of the Z-isomer (t 1/2 = 70 -1330 s). For these compounds the switching rates between the two isomers are quite slow.
From the comparative analysis of these thienylpyrrole and pyrrole azo dyes we can conclude that the substitution of the thiazole ring by a phenyl ring [comparison between compounds 5a
(t 1/2 = 0.5 s) and 7a (t 1/2 = 20 s)] leads to a more stable Z species as indicated by the significant reduction of the thermal back reaction. The removal of the thiophene ring on diazenethiazolyl dyes [comparison between compounds 5b (t 1/2 = 1.1 s) and 9b (t 1/2 = 36 s)] has a similar effect.
The same trend was also observed for diazenearyl pyrrole 10c when compared to the corresponding thienylpyrrole 11c.
The introduction of substituents with increased acceptor strength on the diazenearyl moiety of pyrrole dyes 10a-c, has a strong effect on the kinetics of the thermal back isomerization.
Therefore, the presence of a stronger acceptor group such as nitro leads clearly to faster kinetics (e.g. Overall within this set of compounds the thienylpyrrole bearing diazenethiazolyl moieties 5a-f and 6b showed the best photochromic behaviour: fast decouloration promoted by visible light stimulus (1.5 s) with a relatively high absorbance variation (20%) and very fast thermal back colouration (2-3 s) to the initial state, thus performing fast reproducible cycles.
Conclusions
We have synthesized two new series of azo dyes, based on the 1-alkyl(aryl)thienylpyrrole and 1-(4-methoxyphenyl)pyrrole as donors and simultaneously as -conjugated bridges, and diazenearyl and diazenethiazolyl acceptor moieties. Extensive characterization of the optical (linear and nonlinear) electrochemical, thermal and photochromic properties was carried out.
The new compounds were synthesized from easily available thienylpyrroles 1 and low cost, commercially available (hetero)aromatic anilines and pyrrole 8. Simple work-up procedures produce moderate to excellent yields of these derivatives.
Despite the large number of donor-acceptor systems showing NLO and photochromic properties reported in the literature, the present concept of combining the donor properties of electron-rich pyrrole and thienylpyrrole heterocyclic systems with the electron deficient thiazole moiety in azo dye derivatives has not, to the best of our knowledge, been previously communicated in the literature.
This multidisciplinary study shows that the electronic nature of the withdrawing group substituted on the azo moiety and the type of -conjugated system (pyrrole or thienylpyrrole)
of the different synthesized azo dyes, has a remarkable influence on the electronic, optical (linear and nonlinear optical), photochromic and thermal properties of these donor-acceptor systems. The NLO and the photochromic properties of these heteroaromatic azo dyes, in particular the kinetics of the back isomerisation, can be modulated using thienylpyrrole sytems instead of pyrrole derivatives and/or through the introduction of different diazene (hetero)aryl moieties. Moreover, these new derivatives bearing thiazole moieties exhibit improved photochromic properties compared to the previously described diazenearyl azo dyes. In conclusion, the thienylpyrrole derivatives 5a-f and 6b, are endowed with good second-order molecular NLO activity, good thermal stabilities and excellent photochromic properties making them interesting candidates as prospective second-order NLO materials, as novel molecular switches or memory and recording devices.
Experimental
Materials
Aniline, 4-cyanoaniline, 4-nitroaniline, 2-aminothiazole, 2-amino-5-methylthiazole used as precursors for the synthesis of aryldiazonium salts 2-4 and 1-(4´-methoxyphenyl)pyrrole, were purchased from Aldrich and Fluka and used as received.
The synthesis of 1-alkyl-thienylpyrrole 5a [16b] and 1-aryl-thienylpyrroles 5b-f [16a] was described elsewhere. TLC analyses were carried out on 0.25 mm thick precoated silica plates (Merck Fertigplatten Kieselgel 60F 254 ) and spots were visualised under UV light.
Chromatography on silica gel was carried out on Merck Kieselgel (230-240 mesh).
Synthesis
General procedure for the azo coupling of thienylpyrroles 1 with thiazolyl-
diazonium salts 2-3 and aryl-diazonium salt 4a to afford azo dyes 5a-f, 6b and 7a
Diazotisation of 2-aminothiazole, 2-amino-5-methylthiazole and aniline
Primary aromatic and heteroaromatic amines (1.0 mmol) were dissolved in HCl 6N (1 mL) at 0 -5 ºC. A mixture of NaNO 2 (1.0 mmol) in water (2 mL) was slowly added to the wellstirred mixture of the thiazole solution at 0 -5 ºC. The reaction mixture was stirred for 10 min.
Coupling reaction with thienylpyrroles 1
The diazonium salt solution previously prepared (1.0 mmol) was added dropwise to the solution of thienylpyrroles 1 (0.52 mmol) in acetonitrile (10 mL) and 2-3 drops of acetic acid.
The combined solution was maintained at 0 ºC for 1 to 2 h while stirred and then diluted with chloroform (20 mL), washed with water and dried with anhydrous MgSO 4 . The dried solution was evaporated and the remaining azo dyes purified by column chromatography on silica with dichoromethane/n-hexane as eluent. 
1-(1-(Propyl-5-(thiophen-2-yl)-1H-pyrrol-2-yl)-2-(thiazol-2-yl)diazene (5a
1-(1-(4-Methoxyphenyl)-5-(thiophen-2-yl)-1H-pyrrol-2-yl)-2-(thiazol-2-yl)diazene (5b).
Violet solid (146 mg, 77% 8, 113.9, 115.0, 120.2, 127.8, 128.3, 129.6, 131.4, 133.7, 130.0, 144.1, 149.5, 161. 2954, 1609, 1515, 1403, 1334, 1297, 1243, 1220, 1195, 1174, 1145, 1044, 1022, 1002, 877, 852, 772, 711, 614 . 
1-(1-(2,4-Dimethoxyphenyl)-5-(thiophen-2-yl)-1H-pyrrol-2-yl)-2-(thiazol-2-yl)diazene
(5c 397.0787. 
1-(1-(3,4,5-Trimethoxyphenyl)-5-(thiophen-2-yl)-1H-pyrrol-2-yl)-2-(thiazol-2-yl)diazene (5d). Violet solid (155 mg, 70%
J=3.6 Hz, 4-H).
13 C NMR (Acetone-d 6 )  56. 8, 60.9, 104.6, 108.4, 113.9, 120.3, 128.0, 128.3, 128.4, 132.3, 133.5, 137.74, 140.1, 144.1, 149.1, 154.5, 179.9 . λ max (Dioxane)/nm 494 (ε/dm 3 mol -1 cm -1 27,100). IR (Nujol) ν/ cm -1 3115, 3101, 3075, 2956, 1748, 1598, 1535, 1505, 1485, 1423, 1407, 1365, 1343, 1315, 1284, 1242, 1222, 1193, 1185, 1167, 1143, 1123 
1-(1-(4-Fluorophenyl)-5-(thiophen-2-yl)-1H-pyrrol-2-yl)-2-(thiazol-2-yl)diazene (5e).
Violet solid (158 mg, 86% 
1-(1-(4-Bromophenyl)-5-(thiophen-2-yl)-1H-pyrrol-2-yl)-2-(thiazol-2-yl)diazene (5f).
Violet solid (186 mg, 86% 12.6, 55.9, 104.1, 113.6, 115.0, 127.6, 128.0, 128.3, 129.7, 131.4, 133.8, 135.5, 137.4 380.0766; found: 380.0770. 
1-(1-(4-Methoxyphenyl)-5-(thiophen-2-yl)-1H-pyrrol-2-yl)-2-(5-methylthiazol-2-yl)diazene (6b
2-Phenyl-(1-(1-propyl-5-(thiophen-2-yl)-1H-pyrrol-2-yl)diazene (7a
Diazotisation of aniline and 2-aminothiazole
To a suspension of the (hetero)aromatic amines (0.86 mmol) in water (2 mL) was added concentred HCl (2.5 mmol, 0.21 mL) until the mixture was homogeneous. The solution was cooled and kept at 0 -5 ºC in a ice bath and a solution of NaNO 2 (0.89 mmol) in water (1 mL) was slowly added to the well-stirred mixture of the thiazole solution at 0 -5 ºC. The reaction mixture was stirred during 20-30 min.
Coupling reaction with pyrrole 8
The diazonium salt solution previously prepared (0.86 mmol) was added dropwise to the solution of pyrrole 8 (1 mmol) and pyridine (1mL, 1.25 mmol) in methanol (20 mL). The solution was stirred at 0 -5 ºC for 5 h and then evaporated under vacuum to dryness. The residue was purified by column chromatography eluting with a mixture of dichloromethane and hexane (1:1).
The diazonium salt solution previously prepared (0.86 mmol) was added drop wise to the solution of pyrrole 8 (1 mmol) and pyridine (1mL, 1.25 mmol) in methanol (20 mL). The combined solution was maintained at 0 -5 ºC for 5 h while stirred. After this time the resulting mixture was evaporated under vacuum to dryness. The residue was purified by column chromatography eluting with a mixture of dichloromethane and hexane (1:1). 13 C NMR (CDCl 3 )  55.5, 99. 9, 111.1, 113.9, 122.2, 127.0, 127.3, 128.9, 129.5, 131.8, 146.6, 153.0, 158.7 . λ max (Dioxane)/nm 386 (ε/dm 3 mol -1 cm -1 15,700). IR (Liquid film) ν/ cm -1 2957, 2934, 2908, 2836, 2053, 1879, 1632, 1612, 1589, 1515, 1480, 1463, 1454, 1442, 1301, 1250, 1202, 1109, 1093, 1071, 1035, 996, 913, 872, 832, 801 Azo pyrroles 10b-c were synthesized through azo coupling of pyrrole 8 with aryl-diazonium salts 4b-c using the same experimental procedure described above in sub-section 1.1 and 1.2. 1H, 6.93 (dd, 1H, J=5.6 and 2Hz, 7.00 (d, 2H, J=9.0 Hz, 1H, 7.39 (d, 2H, J=9.0 Hz, 4H, 2, 3, . 13 C NMR (CDCl 3 ) δ 55. 5, 101.0, 111.7, 114.0, 118.9, 122.6, 127.3, 128.6, 131.3, 133.0, 147.0, 155.7, 158.9. λ 1H, 6.94 (dd, 1H, J=4.4 and 1.5 Hz, 7.09 (d, 2H, J=9.0 Hz, 7.50 (d, 2H, J=9.0 Hz, m, 7.74 (d, 2H, J=9.0 Hz, 8.30 (d, 2H, J=9.0 Hz, . 13 C NMR (DMSO -d 6 ) δ 55. 5, 101.6, 112.3, 114.2, 122.4, 125.1, 127.4, 130.7, 146.8, 147.0, 147.1, 156.7, 158.6. λ IR spectra were determined on a BOMEM MB 104 spectrophotometer using KBr discs. UVvisible absorption spectra (200 -800 nm) were obtained using a Shimadzu UV/2501PC
1-(1-(4-Methoxyphenyl)-1H-pyrrol-2-yl)-2-(thiazol-2-yl)diazene (9b
1-(1-(4-Methoxyphenyl)-1H-pyrrol-2-yl)-2-(4-cyanophenyl)diazene (10b
1-(1-(4-Methoxyphenyl)-1H-pyrrol-2-yl)-2-(4-nitrophenyl)diazene (10c
spectrophotometer. Mass spectrometry analyses were performed at the "C.A.C.T.I. -Unidad de Espectrometria de Masas" at the University of Vigo, Spain. Thermogravimetric analysis of samples was carried out using a TGA instrument model Q500 from TA Instruments, under high purity nitrogen supplied at a constant 50 mL min -1 flow rate. All samples were subjected
Solvatochromic study
The solvatochromic study was performed using 10 -4 M solutions of dyes 5-7 and 9-10 in several solvents at room temperature.
Photochromic measurements
For measurements of  max , A eq and k  under continuous visible irradiation, 2.0x10 -5 M acetone solutions were used. Irradiation experiments were made using a CARY 50 Varian spectrophotometer coupled to a 150W ozone free xenon lamp (6255 Oriel Instruments). The light from the UV-vis lamp was filtered using a water filter (61945 Oriel Instruments) and a long-pass filter (Schott GG 420) at 20 ºC and carried to the spectrophotometer holder, perpendicular to the monitoring beam using a fibre-optic system (77654 Oriel Instruments). A thermostated (20 ºC) 10 mm quartz cell containing the sample solution (3.5 mL) and equipped with magnetic stirring was used. Three spectrokinetic parameters, normally quoted when describing the properties of photochromic compounds, were evaluated: maximum wavelength of absorption ( max ), thermal colouration rates (k  ) and maximum absorbance attained at  max (A max ). The colouration kinetics was then studied in the dark. The thermal coloration curves were analysed evaluating the fitting of the experimental data to the mono-exponential equation:
where A(t) is the absorbance at  max at any instant t, A 1 a proportional factor, k the thermal colouration rate and A 0 the absorbance in the dark when time approaches infinity. The model was found to accurately fit our data when the quadratic residual errors were 10 -6 or less. where the factor G is an instrumental factor that takes into account the detection efficiency (including geometrical factors and linear absorption or scattering of the second harmonic light on its way to the detector) and local field corrections.
Nonlinear optical measurements using the hyper-Rayleigh scattering (HRS) method
We took particular care to avoid reporting artificially high hyperpolarizibilities due to a possible contamination of the hyper Rayleigh signal by molecular fluorescence near 532 nm.
Measurements were carried out using two different interference filters with different transmission pass bands centred near the second harmonic at 532 nm. The transmission band of the narrower filter (CVI model F1.5-532-4) was 1.66 nm (full width at half maximum) with a transmission of 47.6% at the second harmonic, while the corresponding values for the wider filter (CVI model F03-532-4) were 3.31 nm, with a transmission of 63.5% at the second harmonic. The transmission of each filter at the second harmonic wavelength was carefully determined using a crystalline quartz sample. We assume that any possible fluorescence e It was not possible to measure the  due to the high amount of fluorescence.
f Compounds 7a, 9b and 10a were obtained as oils. 
